Purpose Dopamine transporter imaging is suggested to be a useful imaging biomarker for Parkinson's disease (PD) progression and monitoring drug effects. We investigated the longitudinal decline characteristics of striatal [ 18 F]FP-CIT uptake in PD. Methods We retrospectively reviewed 35 PD patients and 9 non-PD patients. All patients underwent [
Introduction
Parkinson's disease (PD) is a slow and progressive disease characterized by dopaminergic neuronal degeneration in the substantia nigra. Conservative management strategies replacing de novo dopamine (e.g., levodopa or dopamine receptor agonists) are currently used but not proven to be effective in the alteration of the disease course. Even the results of the ELLDOPA trial suggest that L-dopa downregulates the binding of the striatal dopamine transporter [1] . There are also several ongoing clinical trials regarding the potential of neuroprotective therapy to decrease dopaminergic neuronal degeneration. To evaluate the effectiveness of diseasemodulating therapy, a surrogate marker that is sensitive to clinical progression, reproducible, and resilient to confounding factors is required. However, clinical parameters (e.g., the Hoehn-Yahr stage or UPDRS score) are not appropriate for the objective evaluation of disease progression and the effect of neuroprotective drugs, since symptoms fluctuate over time and the majority of patient assessments are subjective [2] .
Numerous reports have demonstrated that dopamine transporter imaging (e.g., [ 123 I]β-CIT SPECT or [ 123 I]FP-CIT SPECT) is a useful imaging biomarker for the evaluation of disease progression by a quantitative analysis of dopamine neuronal degeneration [3] [4] [5] . Marek [5, 6] . Moreover, these values are similar to those of neuronal cell degeneration in the substantia nigra observed in a pathologic study [7] .
[
18 F]FDOPA PET is also an imaging modality that represents dopaminergic neuronal degeneration in PD. [ 18 F]FDOPA uptake in the striatum reflects the dopa-carboxylase activity in the dopaminergic nerve terminals and exhibits a similar decreasing pattern, which has been correlated with disease severity in patients with PD [8] . Two longitudinal studies found that in PD, the uptake of [ 18 F]FDOPAdecreasesfasterthanthatoccurringduringthenormal aging process [9, 10] . Moreover, Morrish et al. suggested that the decreasing rate of [ 18 F]FDOPA uptake in recent onset PD is significantly greater than that in advanced PD patients, indicating that the degenerative process slows over the disease course [11] . However, [
18 F]FDOPA PET is an indirect method of measuring the degeneration of presynaptic dopaminergic neurons by aromatic L-amino acid decarboxylase (AADC) activity. In fact, there have been some reports regarding the upregulation of AADC activity duringtheearlyphaseofPDcausedbyadopaminedeficiency [12] .
is a PET tracer that binds to the dopamine transporter (DAT) and directly reflects presynaptic dopaminergic neuronal degeneration. With a newly developed radiochemistry method (i.e., protic solvent system), [
18 F]FP-CITis widely used in the diagnosis of PD [13] . Since it is a PET tracer, a more accurate subregional and quantitative analysis is possible and its metabolites are not radioactive, facilitating superior quantification than DAT SPECT [14] . 
Materials and Methods
Subjects Figure 1 is a flow diagram presenting the inclusion and exclusion criteria with the number of subjects in each group. A total of 63 patients have undergone [ 18 F]FP-CIT PET/CT twice since 2008 at our center. Of these, 35 patients were diagnosed with PD and 9 with drug-induced parkinsonism (DIP) or essential tremor (ET), designated as non-PD in this study. The other 18 patients were diagnosed with atypical parkinsonism (e.g., PSP, MSA, and CBD or vascular parkinsonism) and were excluded from the analysis. One patient was found to have a subdural hematoma on the second [ 18 F]FP-CIT PET/ CT and was also excluded from our analysis. Moreover, in the PD group, we performed two subgroup analyses according to the age at onset and disease duration. First, in accordance with the National Parkinson Foundation recommendations [15], we defined patients whose symptom onset was below 50 years of age as young onset PD (YOPD) and the others as elderly onset PD (EOPD). Second, we designated patients with a disease duration of less than two years as early PD and those with disease duration of longer than two years as advanced PD. This study was approved by the institutional review board, and written informed consent was obtained from each subject. 
Quantitative Analyses
Image processing was performed using SPM2 (Wellcome Department of Imaging Neuroscience, Institute of Neurology, University College London) within MATLAB R2013a for Windows (The MathWorks, Inc.) and MRIcro version 1.40 (Chris Rorden, Columbia, SC; http://www. mricro.com). All reconstructed PET images were spatially normalized to a Talairach space using a standard [ 18 F]FP-CIT PET template, which was developed in-house as described previously [2] . The images were reoriented so that the striatum contralateral to the symptomatic side was on the left. If there was no laterality, the anatomic left became the left side of the standard space. Quantitative analyses were based on eight volume-of-interest (VOI) templates of bilateral striatal subregions [ventral striatum (VS), caudate (CA), anterior putamen (AP), and posterior putamen (PP)] and one of the occipital subregions. The anterior commissure coronal plane divided the putamen into the AP and PP [2] . The automatically normalized VOI template was adjusted manually by one of the authors under the supervision of a nuclear medicine physician with 20 years of experience using our inhouse VOI editing software [16] .
The level of concentrated activity in each VOI was calculated. The specific to non-specific binding ratio (SNBR) was defined as follows: [mean standardized uptake value (SUV) of the striatal subregional VOI -mean SUV of the occipital VOI]/ mean SUVof the occipital VOI], considering the occipital uptake to be non-specific binding. For each subregion, the absolute annual reduction (AAR) was calculated as follows: (follow-up SNBR -initial SNBR)/test interval (year). Moreover, the relative annual reduction was calculated by dividing the AAR by the initial SNBR (%RAR = 100 × AAR/initial SNBR).
Subgroup Analyses
We performed additional subgroup analyses to understand the decreasing pattern of striatal [ 18 F]FP-CIT uptake in detail using the age at onset and disease duration. First, we examined whether there were differences in the quantitative parameters, including the AAR and %RAR between the YOPD and EOPD groups. Second, we searched for differences in the quantitative parameters between the early PD and the more advanced PD groups in the same manner. In addition to the differences in the quantitative parameters, correlations between the disease duration and quantitative parameters were investigated.
Statistical Analyses
We used a Mann-Whitney U test for the comparison of the quantitative parameters between the two groups. Moreover, the Spearman correlation coefficients between the variables were calculated. The Statistical Package for the Social Sciences (SPSS) for Windows (version 21.0; SPSS Inc.) was used for the statistical analyses, and a P value of less than 0.05 was considered statistically significant. Data for the study variables were expressed as the mean ± standard deviation (SD).
Results

Patient Characteristics
The clinical data of the patients are presented in Table 1 . PD patients were significantly younger than non-PD patients and had a longer test interval (P < 0.001); however, there was no significant difference in the disease duration between the PD and non-PD groups. Tables 2 and 3 list the clinical characteristics of the PD patient subgroups categorized by the age at onset or disease duration as mentioned above. Apart from age, NA not applicable; NS not significant there were no significant differences in the clinical characteristics between the EOPD and YOPD groups. Moreover, except for the disease duration and the initial Hoehn-Yahr stage, there were no significant differences in the clinical characteristics between the early PD and more advanced PD groups.
Quantitative Parameters
The initial SNBRs of the total striatum in the PD group were significantly lower than those in the non-PD group (4.0 ± 1.2 vs. 6.4 ± 0.8; p < 0.001). In the PD group, the initial SNBRs of PP exhibited the lowest value of 2.6 ± 1.1 followed by AP (4.0 ± 1.4), VS (4.9 ± 1.1), and CA (5.0 ± 1.5). Among these, the VS, AP, and PP values exhibited significant differences compared to those of the non-PD group. However, there was no significant difference in CA (Table 4 ). The AAR (0.26 ± 0.14 vs. 0.09 ± 0.19; total striatum p < 0.05) and %RAR (6.9 ± 3.5 vs. 1.2 ± 2.7; total striatum p < 0.001) of the PD group had significantly faster values than those of the non-PD group. The %RAR value of PP in the PD group was approximately eight times greater at 9.6 ± 3.6 than 1.2 ± 2.7 of the non-PD group (Table 4) . Figure 2 presents the overall trend of the SNBR changes with disease progression in the PD and non-PD groups. All PD patients exhibited a decreasing pattern with disease progression. All of the non-PD patients exhibited higher SNBRs of PP at both the initial and follow-up [ PD patients demonstrated a downward SNBR slope of PP with disease progression, and the slopes flattened further in the patients with a longer disease duration. The AAR of PP was the only parameter among all subregional quantitative parameters that showed a significant difference between the early stage of PD and more advanced stage of PD groups (P < 0.05) (Fig. 3) . A scatter plot of AAR of PP with logscale showed a significant negative correlation with the disease duration (Fig. 4) . However, the %RARs of PP were not significantly different between the early stage of PD and more advanced stage of PD groups (Table 6 ).
In the comparison between the YOPD and EOPD groups, the initial SNBRs of all subregions except for PP were lower in the EOPD group than in the YOPD group. There were no differences in any of the other quantitative parameters, including the AARs and %RARs of the striatal subregions (Table 5) .
In the subgroup analysis by disease duration, the initial SNBRs of the striatal subregions in the early PD group were greater than those in the more advanced PD group, with significant differences in only the AP, PP, and total striatum. The subregional AARs of the AP and PP in the early PD group were greater than those in the more advanced PD group, whereas the CA and VS values of the early PD group were lower than those in the more advanced PD group. Only the AAR of PP demonstrated a significant difference between these values (0.28 ± 0.10/year vs. 0.18 ± 0.11/year; P = 0.013). Both the contralateral and ipsilateral PP sides were In the %RAR comparison, the more advanced PD group had a faster value than the early PD group (except for the ipsilateral AP and contralateral PP); however, none of the subregions exhibited significant differences (7.3 ± 4.0%/year vs. 6.6 ± 3.1%/year; total striatum P = 0.526) ( Table 6 ).
Discussion
This is the first longitudinal study to investigate the decreasing pattern of striatal [ ]FP-CIT uptake of the PD group was significantly lower than that of the non-PD group, except for CA. The initial SNBR of PP for the PD group was only 39% of the non-PD group, exhibiting the lowest initial uptake among the subregions, followed by AP (56% of the non-PD group) and CA (89% of the non-PD group) ( Table 4 ). This finding is compatible with reports that PP is the most severely affected subregion in the striatum, whereas CA is a relatively spared subregion [17] [18] [19] . Moreover, the ventrolateral aspect of the substantia nigra, which is the projecting dopaminergic neuron to the posterior side of the putamen, is the most severely affected region in the mid-brain [7, [20] [21] [22] [23] . In this study, the mean age of the non-PD group (70 ± 8 years) was significantly older than that of the PD group (55 ± 12 years). In addition, the non-PD group was not Mean 3.1 ± 1.0** 1.9 ± 0.7 0.28 ± 0.10* 0.18 ± 0.11 9.5 ± 3.0 9.7 ± 4.5 *< 0.05, **< 0.001; CA caudate nucleus; VS ventral striatum; AP anterior putamen; PP posterior putamen composed of healthy controls but rather patients with DIP or ET. The use of a different type of radiotracer or other methodological differences may also be reasons for this discrepancy. The annual rate of decline for the [ 18 F]FP-CIT uptake of the total striatum was approximately 6.9%/year in this study. This result is a slower rate compared to those of other studies. In a previous study of dopamine transporter imaging with [ 18 F]CFT PET, the rates of annual decline of the baseline mean in the putamen were 13.1% and 12.5% in the caudate nucleus [24] . Moreover, it was reported that the rate of decline was 8%/year for [ [25] . However, the Parkinson Study Group suggests that levodopa accelerates the loss of nigrostriatal dopamine nerve terminals or that its pharmacologic effects modify the dopamine transporter [26] . Considering the acceleration effect of levodopa, de novo patients may exhibit a faster rate of decline because they usually initiate antiparkinson drugs (including levodopa) after the initial diagnostic imaging. Different sensitivities or resolution of SPECT or PET, variability in the types of radiotracer, and other methodological diversity can be the reasons for the discrepancy.
There were significant differences in the progression rate among the various striatal subregions in this study. PP exhibited the fastest rate of 9.6%/year, and VS was associated with the slowest rate of 4.6%/year; however, this result may be due to the lower initial SNBR of PP. Indeed, the AAR of AP (0.31 ± 0.16/year; P = 0.016) was greater than that of PP (0.24 ± 0.11/year), and the AARs of CA (0.28 ± 0.20/year; P = 0.539) and VS (0.22 ± 0.19/year; P = 0.600) were not significantly different from that of PP. The CALM-PD study with [ 123 I]β-CIT SPECT previously reported that the decrease in the β-CIT binding of the putamen over 46 months (22.5%) was greater than that of the caudate (19.6%); however, this result may also be due to the lower baseline β-CIT binding of the putamen. The absolute change in β-CIT binding over 46 months was greater in the caudate than in the putamen [3] .
We performed several subgroup analyses in this study according to the age at onset and disease duration. First, the initial SNBRs of all subregions apart from the PP of the EOPD group were lower than those of the YOPD group (Table 5 ). The clinical characteristics of the two groups were not significantly different, except for age (Table 2) . Therefore, the differences in the initial SNBRs of CA, VS, and AP are thought to be caused by the aging effect rather than a more severe pathologic involvement. Moreover, this result is in line with a previously reported imbalanced aging effect of [ 18 F]FP-CIT binding in the striatum of PD [27] . None of the %RARs and AARs of the subregions were significantly different between the EOPD and YOPD groups. Thus, the striatal [ 18 F]FP-CIT uptake and decreasing pattern of the two groups appear to be similar, apart from the aging effect. There are several reports regarding the different clinicopathologic characteristics of early onset PD, even though the definition of early onset differs somewhat between the studies. Selikhova et al. suggested that the earlier disease onset group had the longest duration to death and the greatest delay to the onset of falls and cognitive decline [28] . In addition, Gibb et al. reported that young onset cases more often presented with muscular stiffness and exhibited a 24% greater nigral cell loss, but no differences in the basic Lewy body pathology [29] . The pathophysiologic difference between EOPD and YOPD requires further investigation.
The other subgroup analysis was performed based on disease duration. The early PD and more advanced PD groups did not significantly differ in terms of clinical characteristics (e.g., age and test interval), with the exception of disease duration ( Table 3 ). The initial SNBRs of the total striatum (3.4 ± 0.8 vs. 4.4 ± 1.2; P < 0.05), AP (3.4 ± 1.1 vs. 4.4 ± 1.4; P < 0.05), and PP (1.9 ± 0.7 vs. 3.1 ± 1.0; P < 0.001) of the more advanced PD group were significantly lower than those of the early PD group. However, CA and VS were not different between the two subgroups (Table 6 ). This finding also confirms that the putamen is the most severely affected and the representative subregion in PD and the quantitative value correlates well with the clinical course of the disease.
In the analyses of the decreasing patterns, the AAR of PP in the more advanced PD group was significantly lower than that of the early PD group (0.18 ± 0.11/year vs. 0.28 ± 0.10/year; P < 0.05); however, the %RAR, calculated by dividing the AAR by the initial SNBR, demonstrated a similar rate of decline of about 10%/year. The AAR and %RAR of CA, VS, and AP exhibited no significant differences between the two subgroups. In the comparison of AP and PP, the AAR of PP was significantly lower than that of AP (0.24 ± 0.11/year vs. 0.31 ± 0.16/year; P = 0.004). Furthermore, the AARs of AP (0.33 ± 0.20/year vs. 0.28 ± 0.14/year; P = 0.036) and PP (0.27 ± 0.12/year vs. 0.21 ± 0.13/year; P = 0.006) on the ipsilateral side were significantly greater than those on the contralateral side. From these results, we concluded that the absolute annual degeneration could be greater in patients and/ or subregions with more remaining dopaminergic neurons. Therefore, the decreasing pattern of dopaminergic neuronal degeneration appears to be an exponential curve rather than a simple linear graph. There have also been some reports describing the exponential decreasing pattern of the dopaminergic neurons identified on [
123 I]β-CIT SPECT [30] and [ 18 F]FDOPA PET [9, 30] . A pathologic study suggested that the pigmented neurons in the pars compacta of the substantia nigra also revealed an exponential loss associated with disease progression [7] . The finding that there was a significant negative correlation between the disease duration with the AAR of PP but not with the %RAR also supports the decreasing pattern of the exponential curve.
In the non-PD group, the rate of decline for the striatal [ 18 F]FP-CIT uptake was 1.2%/year, and the figure was much greater than the previously reported aging effect [27] . In this study, the non-PD group patients with an essential tremor or drug-induced parkinsonism were associated with difficulty in the differential diagnosis with PD. In fact, six out of the nine patients with an essential tremor or drug-induced parkinsonism discontinued levodopa after the second [ 18 F]FP-CIT PET confirmed the diagnosis. In addition, the rates of decline of the total striatum and PP of these six patients were significantly greater than those of the other three patients without a history of levodopa medication. As mentioned above, the acceleration effect of levodopa [26] might be one of the causes of a faster decline rate than the healthy controls or the combined preclinical PD. Furthermore, the small number of patients in the non-PD group made accurate comparison difficult.
This study has some limitations associated with the fact that it is a retrospective study. The patients who underwent [ 18 F]FP-CIT PET twice cannot be generalized to all PD patients. In addition, the PD patients in our study were younger than those in the general population, and this study had a higher proportion of YOPD patients. Among the total 35 PD patients, 15 underwent a second [ Although this retrospective study has several limitations, including selection bias and a small number of subjects, our findings may be useful for determining test intervals and sample size in future clinical trials investigating the efficacy of neuroprotective drugs.
Conclusion
The longitudinal decline of striatal [ 
